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Abstract. Gas atomised IN625 powder was mechanically alloyed with <1.0 Wt. % nano-yttria and consolidated by spark plasma sintering (SPS) to produce an oxide dispersion strengthened (ODS) alloy. The isothermal oxidation rate constant of the ODS alloy, and wrought IN625, was determined by thermogravimetric analysis. This was performed at 900°C in static laboratory air for exposure times of up to 1000 hours. It was found that the ODS alloy oxidised ~40x slower than wrought IN625, which is attributed to the reactive element effect. It is further proposed that the improvement in oxidation resistance of the ODS alloy, and the superior morphology of the oxide scale formed on the ODS alloy, may be related to the presence of Nb carbide, rather than δ-phase, in the ODS alloy.     
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introduction
It has been known for many years that the addition of reactive elements can increase the effective lifetime of alloys used for high temperature applications [1]. This is due to slower oxidation kinetics and enhanced scale adhesion, which are often attributed, respectively, to a change in the scale growth mechanism [2] and to the gettering of sulphur [3]. The reactive element effect has been the subject of many papers, including comprehensive reviews by Whittle and Stringer [4], Pint [5] and more recently, by Naumenko, Quadakkers and Pint [6].
Reactive elements can be added to alloys by direct addition during melting, or by ion implantation of the consolidated alloy. Alternatively, reactive element oxides, usually yttria, can be added to alloy powders or elemental powders by mechanical alloying, from which oxide dispersion strengthened (ODS) alloys are consolidated by extrusion or sintering [7]. In addition to enhanced oxidation resistance, ODS alloys exhibit exceptional high temperature creep strength because the dispersoids, which are thermally stable, interfere with dislocation motion  ADDIN EN.CITE [8-10]. ODS alloys are no longer available commercially. In response to this situation a project (OXIGEN) was conducted to develop an ODS derivative of IN625 for the fabrication of components for gas turbine engines for power generation. Ultimately the intention is to consolidate the alloy using selective laser melting (SLM), but the results presented in this paper were obtained from experiments to establish the oxidation behaviour of IN625 ODS consolidated by spark plasma sintering (SPS). 
Experimental
Gas atomised IN625 powder was milled with <1.0 Wt. % nano-yttria to produce a mechanically alloyed powder, which was consolidated by spark plasma sintering (SPS). In SPS systems, the powder to be sintered is heated under vacuum and uniaxial pressure by passing a pulsed current (DC) through it. When a spark discharge appears in a gap between powder particles, or at the contact point between particles, a very high localised temperature of several thousand to tens of thousands of centigrade is generated momentarily. This causes evaporation and melting of the surface of the powder particles, forming necks, which grow until the powder is fully consolidated [11]. The combination of pressure, current and localised high temperatures increases the rate of heating and reduces the sintering time, which produces consolidation with little grain growth [12]. In the present work, the alloy was consolidated by SPS at 1100°C and at a pressure of 50MPa. 
The nominal composition of the gas atomised powder is shown in Table 1. Also shown in Table 1 is the composition of a heat of wrought IN625, which was studied in the annealed condition as a comparator for the ODS alloy. The process conditions used for mechanical alloying of the gas atomised powder and yttria are proprietary. 
Coupons of ~10x10x1mm in size were prepared from the alloy, and wrought IN625 alloy, for the oxidation experiments. The surfaces of each coupon were successively ground using P180, P320 and P600 grit SiC paper, and the sharp corners rounded. The surface area of the coupons was determined from stereo optical micrographs. 
A series of coupons of the alloys was isothermally oxidised in laboratory air at 900°C for between 10 hours and 1000 hours. The coupons were oxidised while suspended in alumina crucibles to ensure even oxidation of the coupon surfaces, and to catch any spalled oxide. The change in mass of the coupons arising from oxidation was followed using a 5-place balance. Prior to oxidation the coupons were ultrasonically cleaned in acetone to remove any contaminants. 
Micrographs and spectra were acquired from the coupons in a scanning electron microscope (SEM) equipped with energy dispersive spectroscopy (EDS). The coupons oxidised for 25, 215 and 1000 hours were also Ni-plated and sectioned using standard metallographic procedures and examined in the SEM. Cr depth profiles were obtained from the coupons oxidised for 1000 hours. In addition, lamellae were prepared from the ODS variant of the alloy following 215 hours of oxidation, and from the wrought alloy following 10 hours of oxidation, using a focused ion beam (FIB). The lamellae were examined in a scanning transmission electron microscope (STEM). 


table 1.  Nominal composition of gas atomized powder and composition of wrought IN625 (Wt. %)

Alloy	Gas atomised IN625+Yttria	Wrought IN625
Ni	Bal.	60.08
Fe	3.42	4.68
Cr	19.79	22.02
Nb	3.46	3.44
Mo	8.65	8.84
Ti	0.02	0.20
Al	0.04	0.19
S	0.006	0.001
C	0.02	0.035
Si	0.10	0.201
Co	<0.01	0.04
Cu	0.08	0.08
O	0.0132	-
P	<0.001	0.006
Mn	<0.01	0.20
N	0.0094	-
Y2O3	<1.0	-

results
The SPS-consolidated alloy had a bimodal grain size distribution, which comprised regions of grains of <1µm in size and regions of grains of <0.2µm in size, Figure 1. The regions comprised of small grains were populated by particles of <0.2µm in size, which appeared to be a mixture of Cr-rich oxides and Nb-rich carbides (also shown in Figure 1). STEM was used to identify the presence of an inhomogeneous distribution of Al/Y-rich dispersoids in the alloy, which were typically <20nm in diameter. It has been observed previously that bimodal grain sizes can develop during the consolidation of ODS alloys by SPS [13, 14], and therefore the bimodal grain size of the alloy studied for the present work may be consistent with Zener pinning of the small grains of the alloy by the dispersoids.


FIGURE 1. Micrographs of IN625 ODS/SPS (a) BSE micrograph, and (b) SE micrograph
The wrought alloy contained long stringers of inclusions, arrowed, which were orientated in the extrusion direction of the alloy, Figure 2(a). The inclusions had Nb-rich and Ti-rich compositions, which have been identified by others as MC-type carbides i.e. (Nb,Ti)C and (Ti,Nb)N respectively [15]. The alloy had an equiaxed grain structure with a grain size of ~10µm, Figure 2(b). A phase rich in Ni, Nb and Mo was present on the grain boundaries of the alloy, Figure 2(c), which has been identified by others as δ-phase [16]. 


FIGURE 2. BSE micrographs of a longitudinal section of wrought IN625 showing (a) stringers of MC-type carbides, (b) equiaxed grain structure, (c) δ-phase present on grain boundaries of the alloy

Figure 3 is a graph of mass change/surface area (gcm-2) against time (s) for the ODS derivative of IN625 (magenta) and wrought IN625 (black). Both sets of data are fitted according to parabolic kinetics. It should be noted that, at the shortest oxidation times, data is not provided for the ODS derivative because the mass gains were too small to be reliable. 



Figure 3.  Mass change/surface area (gcm-2) against time (s) for an ODS derivative of IN625 and wrought IN625 


The Wagner equation, Equation 1, was used to determine parabolic oxidation rate constants for the alloys:

		Equation 

Where (m/a) is the mass change/surface area (gcm-2), is the parabolic oxidation rate constant (g2cm-4s-1) and t is time (s)

The parabolic oxidation rate constants determined for the ODS derivative of IN625, and wrought IN625, are shown in Table 2. The ODS derivative of IN625 oxidised ~40x slower than the wrought alloy, and >2x slower than MA754 (a legacy ODS nickel-base superalloy). The parabolic oxidation rate constant determined for wrought IN625 is consistent with that obtained by Buscail for the oxidation of SYP 625 in dry air at 900°C [17], but slower than that reported by England and Virkar for the oxidation of IN625 foil in air at 900°C [18]. 
   
table 2.  Parabolic oxidation rate constants () determined for IN625 ODS, wrought IN625 and MA754
Alloy	Oxidation rate constant (g2cm-4s-1)	Literature value(g2cm-4s-1)
IN625 ODS	8.75x10-15	-
Wrought IN625 	3.19x10-13	3.2x10-13 [17], 1.54x10-12 [18]
MA754	2.19x10-14	2.2x10-14 [19]
The scale formed on the ODS derivative of IN625 was, after 1000 hours of oxidation, mainly comprised of grains of <0.5µm in size, Figure 3(a). A small number of facetted grains of 1-2µm were also present in the scale. The scale formed on the wrought alloy was, after the same oxidation time, comprised of a relatively small number of facetted grains of 2-5µm in size, which were covered by many facetted submicron grains, Figure 3(b). The scales formed on both alloys were confirmed, by EDS analysis in the SEM and by XRD, to be mainly chromia (spectra and diffractograms not shown). 






Figure 4.  Scale formed on IN625 alloys following 1000 hours of isothermal oxidation in air at 900°C (a) ODS derivative of IN625, and (b) wrought IN625

Except for a small number of outgrowths, which appeared in the scale between 215 and 1000 hours of oxidation, it was observed, in cross-section, that the scale formed on the ODS derivative of IN625 remained ≤1µm thick throughout the course of the oxidation experiment, Figure 5. 




Figure 5.  Backscattered electron micrographs, captured at two magnifications, of cross-sections of scale present on the ODS derivative of IN625 following isothermal oxidation in air at 900°C (a), (b) 25 hours, (c), (d) 215 hours and (e), (f) 1000 hours

The scale formed on the ODS derivative of the alloy contained a band of Nb-rich particles and voids, Figure 6(a-c). This formed a straight line, which ran parallel to the scale/alloy interface. The band was present either approximately mid-way between the scale/gas and scale/alloy interfaces, or toward the scale/gas interface. Also evident in the scale were a few Y-rich particles, Figure 6(d), but these were not common, even at the grain boundaries to which reactive elements are widely reported to segregate  ADDIN EN.CITE [20-22].



Figure 6.  Micrographs of cross-sections of scales present on the ODS derivative of IN625 following 215 hours of isothermal oxidation in air at 900°C. Micrographs (a)-(c) show the band of Nb-rich oxide particles and voids present in the scale; micrograph (d) shows a position where Y-rich particles were found in the scale adjacent to the scale/alloy interface

The scale formed on the wrought alloy was wrinkled and increased in thickness from ~1µm after 25 hours of oxidation to ~5µm after 1000 hours of oxidation, Figure 7. Voids and submicron grains were observed, after 25 hours of oxidation, at the scale/alloy interface. It is probable that the submicron grains formed at the surface of the alloy as a result of the recovery of cold work damage caused during specimen preparation. The boundaries of the submicron grains were decorated by Al-rich oxides, which were precipitated as a result of O ingress via the grain boundaries. The voids and submicron grains were not evident in the alloy at longer oxidation times - presumably as a consequence of inward growth of the scale and alloy recession. A phase rich in Ni and Nb, most probably δ-phase, was present on the grain boundaries of the alloy. This dissolved in the oxidation affected zone of the alloy and precipitated at the scale/alloy interface, as observed previously for IN625 [23]. This behaviour is in marked contrast to the behaviour of the ODS alloy, which did not precipitate significant amounts of δ-phase at the scale/alloy interface during oxidation.




Figure 7.  Backscattered electron micrographs, captured at two magnifications, of cross-sections of scale present on wrought IN625 following isothermal oxidation in air at 900°C (a), (b) 25 hours, (c), (d) 215 hours and (e), (f) 1000 hours

Channelling contrast imaging revealed that the scale formed on the wrought alloy had, after 1000 hours of oxidation, a duplex microstructure comprised of small equiaxed grains at the scale/gas interface and large columnar grains at the scale/alloy interface, Figure 8. The small grains were typically 100-200nm in size; the large grains were typically 1-2µm in size. Fragments of δ-phase, ranging from a few nm to >1µm in diameter, had been incorporated into the scale, probably as a result of undercutting of the δ-phase layer by inward growth of the scale, or as a result of alloy recession.   








Figure 8.  Channelling electron contrast micrographs of cross-sections of duplex scale present on wrought IN625 following 1000 hours of isothermal oxidation in air at 900°C

The scale formed on wrought IN625 contained a band of Nb-rich particles, though this was less easily discerned than the band of Nb-rich particles in the scale formed on the ODS alloy. Larger particles, rich in Al and Cr respectively, and a phase rich in Ni and Nb (probably δ-phase), were also evident in the scale, Figure 9. 



Figure 9.  Micrographs of cross-sections of scales present on wrought IN625 following 10 hours of isothermal oxidation in air at 900°C. Micrographs (a), (b) show a band of fine Nb-rich particles, larger particles rich in Cr and Al respectively, and a linear feature rich in Ni and Nb (possibly δ-phase)
Cr depth profiles, obtained from the ODS derivative of IN625 and from wrought IN625, following 1000 hours of oxidation, are shown in Figures 10a and 10b respectively. The profile obtained from the ODS derivative of the alloy was flat, consistent with depletion that was too small to be measured by EDS in a SEM. Most likely this is due to a combination of slow growth of the oxide scale and fast transport of Cr in the alloy. By contrast, an interdiffusion coefficient () of 2.0E-16 m2s-1 was determined for the wrought alloy, which was obtained by modelling the Cr depth profile using Equation 2. This equation is derived from Wagner theory and has previously been used to model Cr depletion profiles for single-sided depletion profiles [24, 25]. A Cr interdiffusion coefficient of 2.5E-16 m2s-1 was reported for IN625 by Chrykin following oxidation at 900°C [26]. 
		Equation 
Where B is the initial bulk concentration,  is the interfacial concentration,  is the Cr concentration at distance  from the scale/alloy interface, and is the interdiffusion coefficient

Figure 10.  Cr depth profile obtained from IN625 following 1000 hours of oxidation in laboratory air at 900°C (a) IN625 ODS, (b) Wrought IN625

DIScussion
The TGA results show that an ODS derivative of IN625, made by mechanically alloying <1.0 Wt. % nano-yttria with gas atomised IN625 powder, and consolidated by SPS, oxidised ~40x slower than wrought IN625 when isothermally oxidised in laboratory air at 900°C. This is consistent with the reactive element effect, which is known to significantly increase the high temperature oxidation resistance of Ni-base superalloys. However, attempts to reproduce the results of other workers, who have demonstrated that the reactive element effect involves the segregation of reactive elements to the grain boundaries of the oxide scale formed during high temperature oxidation  ADDIN EN.CITE [20-22], were largely unsuccessful despite the examination and analysis of many grain boundaries.
The ODS derivative of IN625 formed a thin, flat chromia scale during oxidation, whereas wrought IN625 formed a thick, wrinkled chromia scale. The scale formed on both the ODS alloy and the wrought alloy contained within them a narrow band, orientated parallel to the scale/alloy interface, and comprising Nb-rich particles and porosity. Nb can form a number of oxides, including Nb2O5, which is porous [27] and thermodynamically more stable than Cr2O3 [28]. It is therefore possible that the particles that comprise the bands are first-formed oxides, and indicate the position of the surface of the alloy coupons prior to their oxidation. If this postulation is correct, in the case of the ODS alloy it typically places the original surface of the alloy closer to the scale/gas interface than the scale/alloy interface, and suggests that the scale had grown mainly by the inward diffusion of O, as expected for an alloy doped with a reactive element  ADDIN EN.CITE [2, 5, 6]. However, in the case of wrought IN625, the position of the band in the scale places the original surface of the alloy closer to the scale/alloy interface, which suggests an oxidation mechanism dominated by the outward diffusion of Cr. 
The chromia scale formed on the wrought alloy had a duplex microstructure, which comprised grains of ~100-200nm at the scale/gas interface and grains of size of ~1µm at the scale/alloy interface. A significant volume fraction of δ-phase had precipitated at the scale/alloy interface, which may have contributed, as a result of the attendant increase in volume of the alloy at the scale/alloy interface, to the wrinkled morphology of the scale. Though Cr diffusion appears to be the dominant mechanism during the oxidation of wrought IN625, counter-current diffusion is also expected to occur, which is reported to cause winkling as a result of lateral growth of the scale [29]. This is expected to put the scale and alloy into tension in the direction perpendicular to the surface of the alloy. These stresses can be relieved by plastic deformation of the scale, deformation of the alloy, detachment of the scale, or cracking of the scale [30]. In this case, the growth stresses arising during oxidation appear to have been relieved by plastic deformation of the scale and alloy.
It seems likely, from the depth profiles acquired from the oxidised coupons of the alloys, that the diffusion of Cr is faster in the ODS derivative of IN625 than in wrought IN625. This is almost certainly due to the smaller grain size of the ODS alloy. Faster diffusion of Cr in the ODS alloy means that selective oxidation should be faster, which should, in principle, help to suppress the formation, during transient oxidation, of Nb-rich oxides, such as Nb2O5. However, the present work, using STEM, shows that Nb-rich particles, thought to be first-formed oxides, are no more prevalent in the wrought alloy than the ODS alloy. Therefore faster selective oxidation does not appear, in these experiments, to have resulted in greater suppression of the first-formed Nb-rich oxides. 
Froitzheim et al have reported that the rate of oxidation of a ferritic steel increases with Nb content, as a result of doping of the Cr scale by Nb [31]. Cruchley et al have reported that the rate of oxidation of a Ni-base superalloy is increased by Ti-doping of the Cr scale [32]. In the present work, it is found that the Nb is much more stable in the ODS alloy than in the wrought alloy, where it is dissolved in the oxidation affected zone and precipitated at the scale/alloy interface. The extra stability of Nb in the ODS alloy means that, in addition to the reactive element effect, the increased oxidation resistance of the ODS alloy may be attributable to less doping of the oxide scale by Nb. It is postulated that Nb is more stable in the ODS alloy because it is largely tied-up as carbide, which forms as a consequence of carbon entrainment during mechanical alloying and/or SPS-consolidation. Additional work is needed to verify this proposal, but Nb is a strong carbide former and contamination of alloys by carbon is often reported to occur during mechanical alloying [33] and SPS-consolidation  ADDIN EN.CITE [34, 35].
Spinel was detected in the scale that formed on the wrought alloy, but not the ODS derivative. The difference in propensity for spinel formation is simply related to the Mn content of the two alloys, which was ~0.20 Wt. % Mn for the wrought alloy and <0.01 Wt. % Mn for the ODS derivative of IN625. Garcia-Fresnillo et al have reported the formation of MnxCr3-xO4 spinel during the high temperature oxidation of a heat of IN625 that contained ~0.2 Wt. % Mn [36]. 
conclusions
The results obtained from isothermal oxidation experiments, conducted in laboratory air at 900°C, have shown that the addition of <1.0 Wt. % Y2O3 to IN625 can reduce the oxidation rate of the alloy by ~40x with respect to the wrought alloy. The improvement in the oxidation resistance of the alloy is mainly attributed to the reactive element effect. Nb-rich particles, thought to be first-formed oxides, appeared to demarcate, in the scale formed on both the ODS derivative of the alloy and the wrought alloy, the position of the original gas/alloy interface. In the case of the ODS alloy, the position of the gas/alloy interface in the scale is consistent with an oxidation mechanism dominated by O diffusion; in the case of the wrought alloy the position of the gas/alloy interface in the scale is consistent with an oxidation mechanism dominated by Cr diffusion. The formation of Nb-rich particles at the gas/alloy interface did not appear to be suppressed in the ODS derivative of the alloy even though Cr diffusion, and therefore selective oxidation, was faster in the ODS derivative of the alloy because of its smaller grain size. The ODS derivative of the alloy formed a thin, flat oxide scale whereas the wrought alloy formed a thick, wrinkled oxide scale. In the wrought alloy, large grains of δ-phase were precipitated at the scale/alloy interface and this may have contributed to the formation of a wrinkled scale, as a result of volume expansion at the scale/alloy interface. In the ODS alloy, δ-phase did not readily form at the scale/alloy interface because Nb is mainly present in the alloy in the form of carbide, rather than as carbide and δ-phase, as in the wrought alloy. The enhanced stability of Nb in the ODS alloy may contribute to its superior oxidation resistance, as a consequence of less doping of the oxide scale by Nb. 
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